Introduction
For survival, living organisms must take up necessary substances such as sugars and amino acids through their cellular membranes. ATP binding cassette (ABC) systems 1 are actively engaged in the high-affinity transport of most of these molecules in bacterial systems. Such systems consist of three major components, i.e. the periplasmic (in Gram-negative bacteria) binding protein (the true recognition component), the membrane-bound permease, and a cytoplasmic ATP-hydrolyzing protein that provides the energy needed. In Gram-positive bacteria, the periplasmic components are replaced by membrane-anchored lipoproteins that are otherwise very similar in form and function.
Both Salmonella enterica serovar Typhimurium (S. typhimurium) and
Escherichia coli can utilize D-xylose as their sole carbon source. 2 3 The sugar can enter E. coli cells via either a binding protein dependent or a low affinity transporter system. [4] [5] [6] The XylFGH operon represents the ABC transport system, with the periplasmic D-xylose-binding protein (XBP), ATP binding unit and membrane permease encoded as xylF, xylG and xylH, respectively. After entry into the cell, Dxylose is isomerized to form D-xylulose by xylulose isomerase. Xylulokinase converts this product to D-xylulose 5-phosphate, which can then enter the nonoxidative phase of the pentose phosphate pathway. 2 7 The sugar binding protein super-family shows a common structural pattern that consists of two globular domains, in most cases connected by a two-or threestranded hinge region, with the binding cleft located in the domain interface. 8 XBP belongs to the cluster of binding proteins that are specific for hexose and pentose
sugars. Motions at the hinge allow opening/closing of these proteins, which is important in their function. 9 The periplasmic binding proteins can thus, in theory, species. 9 It is the closed, ligand bound form that is linked to correct recognition of the permease; however, the binding protein must open again within the complex for transfer of the ligand to the permease to take place.
In this study, we report the X-ray structures of E. coli XBP in three of the four forms, i. 
Results

Open ligand-free XBP structure (XBP-open-apo)
The structure of the ligand-free form of XBP at 2.15-Å resolution was solved by molecular replacement using individual domains of the closest available structure, Thermoanaerobacter tengcongensis ribose binding protein (TtRBP, 10 sequence identity 29%), as search models. Statistics for data collection and refinement are summarized in Table 1 . The first two amino acids are not visible in the electron density, and that for the C-terminal histidine tag is also missing. Some side chains, notably in the 13-19 loop, also have weak density.
The overall structure consists of two similar domains connected by a 3-stranded hinge (see Fig. 1a ). The N-terminal domain is assembled from a long segment (residues 1-104) and a short segment (residues 242-283), accounting for 146 residues of the 307-residue mature protein. The C-terminal domain also consists of two segments (105-241 and 284-307), with a total of 161 residues. Residues 103-106, 242-244, and 283-284 serve as the hinge region; there are designated as hinge segments I, II and III, respectively. An additional feature is the hydrogen bond linking Glu52 and Glu78, indicating that at least one side chain bears a proton at the pH of crystallization (7.5) .
In this open structure, a phosphate molecule interacts with Asn196 and Asp222
( Fig. 2a, b) . Trp169 also lies within van der Waals contact distance of the ion. The crystallization conditions include 0.2 M ammonium dihydrogen phosphate.
Open liganded XBP structure (XBP-open-xyl)
A D-xylose-bound open structure was determined to 2.2-Å resolution, in the same space group as the XBP-open-apo structure (Table 1) . Again, electron density for the first two residues is missing, and density for some side chains in the loop near residue 15 is also weak.
D-Xylose is bound as the -pyranose, with the preferred chair conformation.
Sugar-protein interactions depend solely on the C-terminal domain (Fig. 2c,d ). O1 of xylose makes hydrogen bonds with Asp135 and a water molecule, but is slightly more distant from Asn137 (3.4 Å). O2 and O3 interact with a water molecule each, as well as with Lys242 with longer distances (3.2-3.3 Å); O3 also interacts with Asp222. O4 of the xylose makes hydrogen bonds with Asn196 and Asp222. O5 makes no hydrogen bonds with protein, but is largely exposed to solvent. Xylose binding is further strengthened by hydrophobic interactions with Phe141 and, more particularly, Trp169.
Closed liganded XBP structure (XBP-closed-xyl)
A closed structure with bound xylose was also solved by molecular replacement, using intact TtRBP as the search model to locate the three molecules of the asymmetric unit, and refined to a resolution of 2.2 Å (Fig. 1b) . Only the first molecule (chain A) has good electron density for the C-terminal histidine tag, which is located completely outside the main fold of the structure. There are some 
Comparison of the XBP structures
The XBP-open-apo and XBP-open-xyl structures are very similar ( Dihedral angles calculated using Cs only 11 were used to identify the most relevant changes of the main chain in the hinge segments during closing. In hinge segment I, the largest change was at residues 104-105 (due to differences of ~15° at 104- and 105-). In segment II, changes in the  angles at residues 242-244 (25-35°) are combined. The largest change in hinge segment III is a modest 11° at 284-.
Ramachandran outliers are observed at Asp90, Asp222 and Thr295 in all three structures. Asp90 and Asp222 are binding site residues that lie next to the first two hinge segments, and are key to their correct structure and function. Thr295 is in a distorted (-like) helix near the C-terminus, and lacks an obvious functional role.
Comparison to other sugar-binding proteins
Alignment of related sequences from Ochrobactrum anthropi (58% identity),
Ralstonia solanacearum (58%), Anaerocellum thermophilum (53%), Candidatus koribacter versatilis (53%), Acidobacteria bacterium (two sequences, 51%), Bacillus licheniformis (47%), and T. tengcongensis (41%; a distinct sequence from that seen in the 2IOY structure) shows conserved residues indicating that D-xylose is likely to bind to these proteins in a similar way to that observed here ( Fig. 5 ), despite the fact that some of these (and similar proteins) are labeled as only binding proteins, with the cognate ligands not stated. Certain residues of the hinge region are also conserved
Some binding protein structures of special interest are compared to XBP in Table 2 . The most similar structure available is still TtRBP (PDB code 2IOY, 29%
sequence identity); it should be emphasized that this is not the same as the putative D-xylose-binding protein (NP_621981.1) mentioned in the previous paragraph. Other sugar-binding proteins from E. coli are also included in Table 2 ; some are aligned with XBP in Fig. 5 .
Ligand affinity measurements Fluorescence changes, presumably reflecting differences in the environment of Trp169, were used to follow the binding of sugars.
XBP showed an excitation maximum at 283 nm and an emission maximum at 345 bound as a chair-form of the -pyranose most common in solution. 13 The first contact between sugar and protein is thus a relatively passive event; the sugar is in a low energy form, and the protein does not need to change greatly to acquire it. In this form of xylose, all hydroxyl groups are equatorial, and so the sugar is perfectly symmetrical in shape. Two orientations were therefore considered, that shown here, and a second that is "flipped" by 180°. In both cases, 7 hydrogen bonds would exist The most similar among the available structures (assessed using DALI 14 ) is the TtRBP used as search model in the molecular replacement (Table 2) . Interestingly, XBP is more similar to this protein (29% amino acid sequence identity) than it is to E. coli ribose binding protein (RBP; 23% identity). TtRBP and RBP themselves have 57% sequence identity. Given the large number of sequences in the databases that are annotated as unknown, or with a specificity that is probably incorrect, an analysis of the available structures and sequences was undertaken to gain a better understanding of the criteria one should use in making decisions about ligand specificity. The aromatic residues are allowed some degree of variation, e.g. the binding-site tryptophans of XBP are replaced by phenylalanines in RBP. Some hinge residues, notably Asp105 and Asn106, are also conserved.
D-glucose (or D-galactose) and L-arabinose bind to their cognate receptors in
ways that differ from that seen for the other sugars, as well as from each other. The sequence identity of these proteins is not significantly lower than for the cluster discussed in the previous paragraph, i.e. ~20% as compared to ~23%. Again, the Ramachandran outliers (equivalent to Asp90 and Asp222) are highly, although not absolutely, conserved; however, these residues do not fulfill the same roles in binding particular sugar atoms. Generally, we conclude that patterns of conservation in binding site residues provide a much more reliable method of distinguishing the sugars bound than overall sequence identity.
Based on studies of RBP 15 and ALBP, 16 in direction. The motion seen for a given protein is determined primarily by the sequences in and near its hinge segments. Sequence differences alter local hydrogen-bonding patterns of both protein and water (freeing some torsion angles, and restraining others), as well as the nature of the non-polar residues that must be reorganized as motion progresses. The third hinge segment lies on the surface of the protein and is less constrained by local structure than the first two; changes here are generally spread over a larger number of main-chain dihedrals, rather than being concentrated in a few. The differences in the motions are even greater if GBP is included in the analysis (there is no open structure of the arabinose binding protein to allow comparison). Thus each of the binding proteins that has so far been investigated shows a unique type of motion that is likely to be matched to that of the opening/closing occurring when it is in complex with the membrane permease during transport. As such, the favored motions provide an additional level of specificity in the transport system.
Materials and Methods
Cloning, expression and protein purification
The gene coding for E. coli XBP was amplified by PCR using the primer pair 5´ATGAAAGAAGTCAAAATAGGTATGG 3´ (forward), and 5´AGCGGCCGCTTAATGATGATGATGATGATGCAGCTCGCTCTCTTTGTGG 3´ (reverse), which add codons for 6 histidine residues to the C-terminus of the protein. Taq DNA polymerase (New England Biolabs) was used for amplification.
The purified DNA fragment was TOPO-cloned into pCR T7/CT-TOPO (Invitrogen). interface. 21 TtRBP (PDB entry code 2IOY), which has 29% sequence identity, was used as the search model. The domains were used separately for the molecular replacement. The C-terminal domain of the TtRBP structure, which is the largest, was used first. The combined solution with both domains was improved by rigid-body refinement in REFMAC5. 22 Model building was then carried out using ARP/wARP, 23 and the structure rebuilt in O 24 with the improved maps, a process that was repeated several times. The protein was subjected to restrained refinement in REFMAC5 and rebuilding in a cyclical fashion. Waters were placed using the ARP/wARP-solvent command in CCP4.
The XBP-open-xyl structure was solved starting with the protein only from the ligand-free model, followed by rigid-body refinement, then cyclic
rebuilding and restrained refinement.
For the XBP-closed-xyl structure, unit-cell content analysis suggested that there could be 3-5 molecules in the asymmetric unit. However, molecular replacement using intact TtRBP, which is also a closed form, as the search model indicated that there were three molecules with a solvent content of 66%. Rigid-body refinement was followed by cyclic rebuilding and restrained refinement, making use of ARP/wARP as described above. Statistics for the data processing and final refined models are presented in Table 1 . In the XBP-closed-xyl structure, the bound xylose molecule is shown in black. In both cases, the protein structures are color-coded using a scheme going from blue at the N-terminus through the rainbow to red at the C-terminus; the ends are labeled. 28 the signal sequences were identified using SIGNALP 29 and removed before alignment with ClustalW. 
